Abstract-This paper presents a technique for in-situ nondestructive testing of materials with applications in railway crossings. The novelty is in successfully applying the Virtual Source (VS) concept using water jet coupling for a large transducer. By focusing the sound field at the surface of the sample, the water jet probe can be built with a small nozzle opening, limiting the water consumption and making it viable for field applications. The annular geometry of the large transducer ensures the spherical wavefront assumed in the application of the SAFT algorithm, which usually limits the size of the transducer.
I. INTRODUCTION
There are several approaches for ultrasonic imaging of metal structures, depending on the geometry, accessibility, etc. For small structures, arrays can be used which are coupled directly to the surface. With the increase of the roughness and size of the surface, the quality of the coupling with a contact transducer decreases, and the wearing of the transducer increases. In such scenarios immersion tests are often preferred, which are performed in a water tank or using a water jet coupling when the immersion in a tank is not adequate.
A situation where water jet coupling could serve its purpose is for inspection of built infrastructure components which cannot be taken out of service and moved to an immersion tank in a lab. A railway crossing is an example of such a component that also requires frequent inspections due to the risk of damages from high impact forces from passing trains. Such repetitive action acts as a catalyst for fatigue cracking, which compromises the structural integrity of these safety critical components. For this reason, crossings are manufactured from high manganese steel, which is highly resistant to fatigue cracking due to its work hardening properties.
Due to the inherent coarse-grained structure and anisotropic material properties, the inspection of crossings using conventional ultrasonic techniques is ineffective. The technique known as Synthetic Aperture Focusing Technique (SAFT) introduced by [1] , offers enhanced resolution and signal to noise ratio (SNR), through spatial averaging.
For the testing of railway crossings, a good resolution has to be attained at a larger range of vertical distances from the transducer. In addition to the spatial averaging, SAFT provides also a dynamic focusing with uniform resolution in contrast to the traditional fixed focus approach, which gives the best resolution only at the focal zone.
When performing immersion tests for SAFT imaging, using a large transducer improves the SNR but reduces the quality of the image due to spatial averaging over the transducer surface area. A small transducer area will, however, not achieve as high acoustic pressure and hence the penetration depth and SNR will decrease. The solution proposed in this paper is to focus the ultrasound beam at the surface of the material. This leads to the the virtual source (VS) concept for synthetic aperture processing introduced by [2] , which considers the focal point of the transducer as the source. The focusing of the beam at the surface leads to a narrow beam through the coupling media, making it possible to build a narrow water nozzle with limits consumption and therefore makes it more suitable for field tests.
In Section II, the method for inspection is described, first describing the setup and then the imaging algorithm. Experimental results are presented in Section III. Finally, the conclusions are given in Section IV.
II. METHOD
The subject of study is a railway crossing, where the crossing nose will be scanned. The crossing nose suffers a larger wearing, and its shape is represented in Fig. 1(left) .
The experimental setup will now be described, as well as the SAFT imaging algorithm, which had to be adapted for the 
setup.

A. Experimental setup
The probe is used to scan the surface of the sample in a way that enables a 3D SAFT algorithm to be applied. The movement of the probe is depicted in Fig. 1(right) , which represents a scan line for a slice of the crossing nose in the y-axis. In each scan line, the transducer is displaced along the x-axis, adapting to the surface of the material for a better coupling. This adaptation involves a vertical displacement and rotation at the edges of the material, as well as a vertical displacement in positions where surface wearing has been detected. This scanning routine is repeated for several positions along the y-axis, until the surface of the material is scanned with the desired periodicity. The displacement in 3D-axes and the rotation of the transducer are measured with four encoders.
The transducer focuses the sound at the surface of the sample, thus generating a diverging sound field within the sample. By focusing the sound field, the water jet probe can be built with a small nozzle opening, limiting the water consumption to only 1-2 liters/minute. The probe and the water nozzle are depicted in Fig. 2 . The water nozzle has an annular ring around the perimeter with canals for facilitating a laminar flow.
B. Imaging algorithm
This section follows with the descriptions of the basic Delay and Sum (DAS) algorithm used in SAFT, the use of the apodization to reduce the sidelobe levels, and the required adaptations in the SAFT algorithm for the described setup, given by the vertical displacement and the rotation of the transducer.
The algorithm is first illustrated in 2D for the sake of simplicity. Later, the equations are extended to the 3D case.
1) Delay and Sum algorithm: The intensity of a pixel (x,z) in the reconstructed image is calculated as:
where t d is the round trip time for the ultrasound beam to reach the point (x, z) and return to the transducer. The roundtrip time for multi-layered media can be calculated using the Taylor approximation described in [3] . Ascan(t d , x p ) is the value recorded in the A-scan at the measurement position x p and at the time t d . The differential dx p indicates that the integral is performed through the scan path. W (x − x p , z) is the so called apodization factor, which is a weighting function (window) which can be applied to the data.
In practice, an arbitrary analysis grid is first selected and Eq. (1) is applied to every point in the grid. For each point, this is done by adding the recorded value of the A-scan at the different scanning positions and at the time which corresponds to the delay t d .
For each point (x, z), these positions are determined by the width of the synthetic aperture (see Fig. 3 ), which is given by:
where ∆θ is the aperture angle of the unfocused beam.
The speed of such algorithm will linearly depend on the aperture size ∆θ (see [4] ). Therefore, low values of the beam aperture (∆θ) favor faster calculations.
2) Apodization: Weighting (windowing) the A-scans included in the synthetic aperture summation can substantially reduce the sidelobe levels. This weighting is called apodization.
Generally, the weighting function should give progressively lower weights to the A-scans towards the edges of the synthetic aperture so as to reduce the abrupt transition to zero at the aperture edge (see Fig. 3 ). There is then a trade-off between lateral resolution and sidelobe level (see [4] ). Fig. 4 . In the traditional SAFT method (a), the transducer is moved along a horizontal path (z=0). For the application considered here (b), the transducer is allowed to be displaced vertically in order to follow the shape of the profile as well as possible erosion.
A Hann window has been used in these experiments, where the apodization coefficients are calculated as:
3) Vertical Displacement of the transducer: In this application, the transducer is allowed to be displaced a positive value in the vertical direction (z) with respect to the reference line (z=0), as illustrated in Fig. 4 .
By denoting the vertical displacement of the transducer as z p , each scanning position in 2D is given by the pair (x p , z p ).
Two adjustments are required for in the DAS phase. The first is adding the vertical displacement to the calculation of the distance from the transducer to the scanning point (x p , z p ), when calculating the delay t d using the Taylor approximation in [3] . The second is adapting the synthetic aperture as:
This also leads to a readjustment of the apodization value, since it depends on ∆x (see Eq. (2)).
The synthetic aperture for a given pixel (x, z) depends now also on the vertical displacement of the transducer and hinders the pre-calculation of the scanning positions which will be considered in the DAS phase (see Fig. 4 ).
As observed in Fig. 4 , a certain position of the transducer which falls within the range determined by the synthetic aperture (a), might fall out of the aperture when the transducer is displaced a positive value in the vertical direction (b). This implies that, for a fixed pixel position (x, z), the scanning positions within the adjusted synthetic aperture ∆x(z −z p ) are a subset of the ones obtained when no vertical displacement is assumed. The adaptation for considering the vertical displacement can be implemented by adding a step to the DAS phase. For each pixel position (x, z), first we perform a pre-calculation of the scanning positions which fall within the synthetic aperture assuming no vertical displacement. Second, we calculate the adjusted value ∆x(z − z p ) for each of the scanning positions, and perform the DAS only with the scanning positions within the adjusted synthetic aperture.
4) Compensation for the transducer tilt: In the scenario previously described in this section, it is allowed for the transducer to rotate around an axis parallel to the direction y. The rotation angle has to be considered for the calculation of the apodization, and the synthetic aperture.
For a given pixel position (x, z) and for each scanning position (x p , z p ), a significant simplification in the calculations is made by assuming that there is no rotation on the transducer, and rotating the position of the pixel (x, z) (see Fig. 5 ). The position of the pixel (x , z ) when rotated an angle β is calculated as:
where (x p , z p ) is the position of the transducer, which is used as rotation center. For the original SAFT method, where there was no transducer tilt, it was possible to determine the transducer positions which contribute to the intensity of a given pixel with in the DAS phase using the width of the synthetic aperture ∆ x . For example, in Fig. 6 , position 1 falls within the calculated synthetic aperture ∆x, and as the transducer moves in the horizontal direction, the new position 2 falls out of the synthetic aperture. However, a rotation of the transducer as in position 3, can make the pixel still reachable from the new scanning position even if the position is out of the range defined by ∆x. This hinders the pre-calculation of the scanning positions for the DAS phase, since the visibility of a pixel is influenced by the allowed transducer tilt. For reducing the number of calculations, two separated DAS phases have been implemented. A DAS phase which exclusively considers the scanning positions which allow a rotation of the transducer, and a DAS phase with the positions with no rotation angle. The result from both DAS phases is added.
5) Extension to 3D SAFT: The DAS phase becomes:
The area S describing the synthetic aperture has the size of a circle (for z p = 0). Ascan (t d , x p , y p ) is the value of the Ascan recorded at time t d at the position of the scanner defined by (x p , y p ).
The apodization becomes:
The rotation remains as described by Eq. (3), since the rotation is around an axis parallel to the y-axis, and therefore the y coordinates remain unaltered.
III. EXPERIMENTAL RESULTS
An experiment was performed on a manganese steel sample with with 3 flat-bottom bottom holes, with a water layer of 27 mm above the material. This type of defect is difficult to identify, since the ultrasound beam is backscattered primarily at the bottom of the hole.
In the detail of the 3D reconstruction in Fig. 7 (top) , the three holes can be differentiated by visual inspection. A 2D slice at 44 mm (depth) shows a section of the holes. 
IV. CONCLUSIONS
This paper presents a water jet coupling system in combination with a focused transducer suitable for imaging using SAFT algorithms. The system operates at 2.5 MHz and uses only 1-2 liters of water/minute, making usable in field tests.
A 3D version of the SAFT algorithm has been used for image reconstruction and visual inspection. The basic SAFT algorithm had to be adapted in order to account for the vertical displacement and rotation of the transducer. These adaptations are required due to the adjustments of the scan path to the geometry of the material for a better coupling.
Immersion tests have been performed in manganese samples with successful 3D reconstruction in the presence of flatbottom bottom drilled holes.
The experimental setup, the adaptation of the SAFT algorithm and the successful application of SAFT on manganese samples form a proof of concept for the final in-situ inspection of manganese rails with water jet coupling.
V. ACKNOWLEDGMENTS
